19 Land plant shoot structures evolved a diversity of lateral organs as morphological 20 adaptations to the terrestrial environment, in which lateral organs independently evolved 21 in each lineage in the sporophyte or gametophyte generation. The gametophyte 22 meristem of the basally-diverging plant Marchantia polymorpha produces axes with 23 non-photosynthetic scale-like lateral organs instead of leaves. Here we report that an 24 ALOG (Arabidopsis LSH1 and Oryza G1) family protein in Marchantia, 25 MpTAWAWA1 (MpTAW1), regulates meristem maintenance and lateral organ 26 development. A mutation in MpTAW1, preferentially expressed in lateral organs, 27 induces lateral organs with mis-specified identity and increased cell number, and 28 furthermore, causes defects in apical meristem maintenance. Remarkably, MpTAW1 29 expression rescued the elongated-spikelet phenotype of a rice mutant of MpTAW1 30
Introduction 38
During 470 million years of evolution the body plans of land plants 39 diversified independently among the gametophyte and sporophyte life stages of 40 different plant groups. In extant bryophytes, basally-diverging land plants, the 41 gametophyte is the dominant phase of the life cycle (1, 2). The gametophyte comprises 42 an axis that develops from a meristem and forms structures in which gametes develop 43 (antheridiophores and archaegoniophores). In contrast, the sporophyte is dominant in 44 extant vascular plants. The sporophyte comprises an axial system (shoot or stem) that 45 develops from a meristem and forms structures in which haploid spores develop. 46 Therefore, despite their independent evolution, gametophytes and sporophytes develop 47 axial systems that are produced by apical meristems (3-5). 48
Extant bryophytes and vascular plants develop lateral organs on gametophytes 49
and sporophytes, respectively. Apical meristems maintain stem cell activity at their 50 center and iteratively generate lateral organs at the meristem periphery. The 51 spatio-temporal differences in cell division and expansion in lateral organs contribute to 52 the morphological diversity of shoot structures in land plants (6) (7) (8) (9) (10) (11) . 53
The liverwort Marchantia polymorpha (M. polymorpha) is a bryophyte that forms 54 an axis that undergoes indeterminate planar growth in the form of a flattened mat of 55 tissue, called a thallus. The thallus exhibits strong dorsoventrality; gemma cups, 56 gemmae and air chambers develop on the dorsal side while rhizoids and ventral scales 57 are formed on the ventral side ( Figure 1A ) (12) (13) (14) (15) (16) (17) . Ventral scales cover bundles of 58 rhizoids that run along the underside of the thallus and facilitate water and nutrient 59 transport over the ventral surface of thallus ( Figure 1B) (12) . In the leafy liverworts, 60 photosynthetic leaves arise next to a tetrahedral single stem cell (apical cell). By 61 contrast, M. polymorpha does not develop photosynthetic leaves. Instead, the ventral 62 scales alternately develop on the left and right sides of the wedge-shaped apical cell on 63 the ventral surface in the apical notch near the growing tip of the thallus. The flattened 64 form, single-cell thickness and bilateral symmetry resemble the leaves in leafy 65 liverworts ( Figure 1C) (12, 13) . The ventral scales of M. polymorpha are hypothesized 66 to be homologous to the photosynthetic leaves of the basally-diverging leafy liverworts 67 (18, 19) . 68
The fossil record indicates that the shoot of the earliest known land plants 69 comprised branching stems without lateral, determinate organs (Kenrick and Crane, 70 1998). Subsequently, determinate lateral organs, which develop from the sides of apical 71 meristems, evolved. The earliest example of such a lateral organ is the microphyll that 72 developed on the stems of the sporophyte of Baragwanathia longifolia, a lycophyte, 73 which first appears in the fossil record in the late Silurian (20, 21) . No lateral organs are 74 known from the gametophytes of early bryophytes from the Silurian or Devonian, but 75 arose subsequently and are found in extant bryophytes. The acquisition and 76 modification of different lateral organ types are likely to have been morphological 77 adaptations to the terrestrial environment that increased photosynthetic efficiency, gas 78 exchange and water transport (10). 79
Mechanisms controlling lateral organ development are well described in 80 angiosperms such as rice and Arabidopsis. However, little is known about the 81 mechanisms that regulate lateral organ development among bryophytes. Therefore, we 82 carried out a forward genetic screen for mutants with defective lateral organ 83 development in the liverwort M. polymorpha to define mechanisms that control lateral 84 organ development in this species. Comparing the roles of the genes that control lateral 85 organ development in liverworts and angiosperms will identify the mechanisms that 86 were involved in the independent evolution of analogous lateral organs during land 87 plant evolution. 88 89 Results 90
MpTAW1 specifies lateral organ identity during vegetative growth 91
We isolated two mutants, vj99 and vj86, that produced abnormal green outgrowths from 92 a population of 105,000 T-DNA transformed M. polymorpha ( Figure 1D -1G, S1A and 93 S1B). vj99 and vj86 thalli were hyponastic, bending upwards at the thallus margins 94 unlike wild type (WT) ( Figure 1D and 1E, S1C and S1D). A single T-DNA was inserted 95 into the gene Mapoly0028s0118 in vj99 and vj86, suggesting that defective function of 96
Mapoly0028s0118 was responsible for the green outgrowths ( Figure S1E ). To test this 97 hypothesis, we generated independent mutations in the Mapoly0028s0118 gene by 98 homologous recombination. Mutants of Mapoly0028s0118 generated by targeted 99 deletion developed similar phenotypes to those of the vj99 and vj86 mutants ( Figure  100 S1F and S1G). To verify that a defect in Mapoly0028s0118 was responsible for the 101 green outgrowth we transformed mutant vj99 with a genomic fragment that includes the 102 full-length Mapoly0028s0118 gene. Transformation of the Mapoly0028s0118 genomic fragment into vj99 mutants restored WT development, demonstrating that loss of 104
Mapoly0028s0118 function causes the vj99 phenotype (Figures S1H-K). Phylogenetic 105 analysis indicated that Mapoly0028s0118 belongs to the ALOG (Arabidopsis LSH1 and 106
Oryza G1) protein family ( Figure S1L ). The proteins in this family contain a 107 DNA-binding domain with weak transcriptional activity (22-24). We named this gene 108 MpTAWAWA1 (MpTAW1) after the TAWAWA1 (TAW1) gene in rice, an ALOG member 109 that regulates meristem activity during reproductive growth (25). In addition to the 110 abnormal green outgrowths, gemma cup spacing is abnormal in the Mptaw1-1 (vj99) 111 mutant; the distance between neighboring gemma cups is much shorter than the WT 112 ( Figure 1F and 1G). 113
To more precisely define the nature of the green outgrowths, we performed a 114 phenotypic analysis of Mptaw1-1 mutants. Outgrowths emerge from the ventral side of 115 the thallus near the thallus margins and extend beyond the thallus margin in the 116
Mptaw1-1 mutant (Figure 2A-2D ). These outgrowths resemble ventral scales in a 117 number of ways. They develop in pairs near the apical notch ( Figure 2E , 2F, S2A and 118 S2B). They are in general a single cell layer thick, although the outgrowths located near 119 the apical notch occasionally consist of several cell layers ( Figure 2G -2I). Outgrowths 120 located near the apical notch also tend to pile up on one another at the edge of the 121 ventral surface (Figure 2G and 2I) . Furthermore, while outgrowths develop, no ventral 122 scales form on Mptaw1-1 mutants ( Figure 2C and 2D ), suggesting that the outgrowths 123 are modified ventral scales. Taken together, these data suggest that the outgrowths 124 formed from the ventral thallus on Mptaw1 mutants are related to ventral scales. 125
Although similar to ventral scales, these outgrowths possess several substantially 126 different characteristics. The abnormal outgrowths formed in Mptaw1-1 mutants are 127 greener than typical ventral scales ( Figure 2J and 2K ). There are more cells in 128 outgrowths than in WT scales (Figures 2G-2I and S2C-S2F). Moreover, the mutant 129 chloroplasts are larger than in WT and there are more thylakoid membranes in the 130 mutants than in WT ( Figure 2L and 2M). Starch, not seen in WT scales, accumulates in 131 the green outgrowth in Mptaw1-1 mutants, suggesting a higher photosynthetic activity 132 in this tissue (Figure 2L and 2M) . Rhizoids never differentiates in the green outgrowths 133 of the Mptaw1 mutants unlike wild-type ventral scales ( Figures S2G and S2H ). Taken 134 together, these observations indicated that MpTAW1 plays crucial roles in specifying 135 lateral organs as ventral scales, in which TAW1 inhibits cell division and chloroplast 136 differentiation. 137 138 MpTAW1 activity is required for the maintenance of meristem activity 139
The WT thallus comprises a bifurcating axis, and gemma cups develop along the 140 midline of the dorsal surface. When the WT thallus axis bifurcates, a notch containing 141 an apical cell forms on each of the two new axes ( Figure 3A ). The distance between 142 each apical notch increases along with the forward growth of thalli. This process, the 143 duplication of apical notches and the subsequent elongation of axes with separation of 144 notches, is termed "axis separation". Upon bifurcation, adjacent apical notches are 145 initially pushed away by the growth of tongue-like tissues, named central lobes, and 146 subsequently further separated concomitant with the axis elongation ( Figure 3A ) (26). 147
Gemma cups initiate from dorsal merophytes, clones derived from the cell that are cut 148 off from the dorsal surface of the apical cell (12), and they are regularly spaced along 149 the dorsal midline of each axis. Gemma cups are more densely arranged along the 150 dorsal surface of Mptaw1 mutants than in WT ( Figure 1G ). This suggests defects in 151 gemma cup differentiation or axis development, or both. To address whether MpTAW1 152 is involved in bifurcation or gemma cup differentiation, we analyzed the number of 153 apices and gemma cups in Mptaw1 mutants during cultivation. To count meristems we 154 imaged expression of the proYUC2A:GUS construct that is preferentially expressed in 155 notches (27). The number of apical notches expressing GUS was not significantly 156 different between WT and Mptaw1-1 mutants until day 7 of cultivation, although 157 subsequently, less GUS-expressing apical notches were detected in the Mptaw1-1 158 mutants compared to WT ( Figure 3B -3D). This indicates that bifurcation occurs 159 normally, at least in the early stages of development. In contrast, the density of apical 160 notches in Mptaw1-1 mutants was higher than WT at three weeks ( Figure S3A and S3B). 161
Importantly, there is no clear difference in the number of gemma cups between WT and 162 Mptaw1 mutants ( Figure S3C ). These data suggested that the onset of bifurcation, as 163 well as gemma cup differentiation, are not affected, but that the separation process of 164 each apical notch is compromised in Mptaw1 mutants. The lower number of 165 GUS-positive notches in Mptaw1 mutants after 7 days of growth may be due to a 166 secondary effect of slow thalli growth, or technical limitations of counting 167 densely-clustered apices. 168
The separation of apical notches is dependent on the division and expansion of 169 cells between notches ( Figure 3A ). We reasoned that defective cell division between the 170 apical notches in Mptaw1 mutant thalli leads to defects in apical notch separation. To 171 test this possibility, we analyzed the cell division activity of Mptaw1 mutant 172 gemmalings during 7days' cultivation by applying a 3 h pulse of 173 5-ethynyl-2'-deoxyuridine (EdU), a thymidine analog that is incorporated into cells 174 during DNA replication ( Figure 3E -3G)(28). The number of cells labelled by EdU was 175 indistinguishable between the WT and Mptaw1 mutants in 1-, 2-and 3-d-old 176 gemmalings (Figures 3G). However, incorporation of EdU was lower in Mptaw1 177 mutants than in WT between days 3 and 7 ( Figures 3E-3G ). This suggests that rates of 178 DNA replication were lower in the mutant than in wild type, consistent with the 179 hypothesis that cell division is reduced in the Mptaw1 thallus compared to the wild type. 180
We also compared the cellular organization of apical meristems of Mptaw1 mutants and 181
WT. The WT apical meristem comprises a single triangular apical cell and surrounding 182 merophytes (cells derived from the apical cell), in which the lateral merophytes and the 183 apical cell display identical shapes ( Figure 3H ) (12) . In contrast, there are many 184 triangular apical cells in Mptaw1-1 mutants, in contrast to the single apical cell of wild 185 type ( Figure 3I ). While the expression of proYUC2A:GUS is restricted to a small area of 186 the WT apical notch, staining is more dispersed in Mptaw1 mutants ( Figures 3J and 3K ). 187
Occasionally (3 out of 20 gemmalings at 14 days' cultivation) apical meristems are 188 aborted in Mptaw1 mutants ( Figure S3D , dotted boxes), a phenomenon not observed in 189 WT in our conditions. These data suggest that MpTAW1 is required for the maintenance 190 of apical meristems. These data also support the hypothesis that Mptaw1 mutants fail to 191 separate apical notches due to defects in cell proliferation in the apical notches. Gemma 192 cup differentiation as well as bifurcation initiate as in WT, but then subsequent defective 193 meristem activity causes defective axis expansion, resulting in the development of a 194 higher density of gemma cups and apical notches in the Mptaw1 mutant thallus. 195 196
MpTAW1 is expressed in lateral organs but not in apical cells 197
To define the spatial expression patterns of MpTAW1, we established a line that 198 expressed GUS under the control of 5' and 3' regulatory elements that were used in the 199 complementation analysis of Mptaw1 mutants ( Figure S1E ). In 4-d-old gemmalings, 200 GUS staining was detected in notches and rhizoids ( Figure 4A M. polymorpha produces an umbrella-like gametangiophore (antheridiophore or 224 archegoniophore) that bears antheridia or archegonia during reproductive growth (12) . 225
The gametangiophore is a vertically growing thallus branch (12) and we reasoned that 226 gametangiophore development might be defective in Mptaw1-1 mutants. The Taken together with our discovery that MpTAW1 is required 294 non-cell-autonomously for meristem maintenance in M. polymorpha, this means that the 295 evolutionary-conserved ALOG family proteins control apical meristems in divergent 296 plant lineages, in which the apical meristems are found in different phase of the life 297 cycle. We propose that this mechanisms for controlling shoot meristematic activity was 298 already present in the last common ancestor of Marchantia and rice, the earliest land 299
plants. 300

Conserved ALOG proteins negatively regulating lateral organ growth 302
We discovered that MpTAW1 specifies lateral organ identity by negatively 303 regulating the lateral organ outgrowth; involucres are transformed into ventral scale-like 304 structures during reproductive growth in Mptaw-1 mutants ( Figures 5G and 5H ). We evolution. An alternative hypothesis is that the ALOG-dependent growth-repression 321 mechanism existed in the last land plant common ancestor which lacked lateral organs. 322
The ALOG mechanism was subsequently recruited independently during the evolution 323 of lateral organs in different lineages leading to the liverworts and seed plants. Both 324 hypotheses are consistent with our discovery of the role for ALOG genes in land plants. The recruitment of ALOG function during the independent evolution of lateral organs 333 provides a molecular mechanism for the convergent evolution of lateral organs. Figures 2J and 2K) . These green appendages are in fact similar 355 to the green-colored photosynthetic scales formed in the Treubiaceae family of 356 liverworts, whose semi-thalloid form has been interpreted as an evolutionary transition 357 state between the leafy and thalloid form (36-38). Therefore, MpTAW1 function may 358 also be associated with the evolution of thallose body form by repressing leaf growth in 359 ancestral leafy liverworts in the same way that gene OsG1 suppresses lower lemma 360 development during rice spikelet evolution. It is possible that morphological 361 modification of lateral organs is controlled by the spatial and temporal differences in 362 expression levels of ALOG family genes and this would provide the mechanism for the 363 establishment of morphological diversification in lateral organs that develop on shoots 364 during land plant evolution. 365 366
Conclusion 368
We demonstrate that MpTAW1 plays a function in integrating meristem 369 activity and lateral organ differentiation in M. polymorpha. MpTAW1 acts by repressing 370 lateral organ growth and is required for meristem maintenance. Since ALOG proteins 371 from angiosperms also repress lateral organ growth and are required for meristem 372 maintenance, and these functions were rescued by MpTAW1, we conclude that 373 molecular functions of ALOG family proteins are conserved between among these taxa 374 and acted in their last common ancestor. We hypothesize that ALOG genes were 
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